We calculate the adiabatic flame temperature of a mixture of methane and oxygen in the presence of a diluent gas then determine the mole fractions of methane without respect to nitrogen and solve for the moles of oxygen present. Knowing the moles of methane and oxygen, allows us to calculate the moles of nitrogen present at four constant mole fractions of nitrogen, and the adiabatic flame temperature is determined from the energy released by the reaction. Lastly, we produce several graphs to compare the adiabatic flame temperatures at different mole fractions of nitrogen.
PROBLEM STATEMENT
Methane ( 4 ) combusts according to:
The goal of this project is to calculate the adiabatic flame temperature for this reaction as a function of molar composition. The feed stream consists of methane, nitrogen and oxygen at 25℃. The calculation of the adiabatic flame temperature assumes that all of the heat liberated by the combustion reaction goes into heating the resulting mixture. The energy liberated by the reaction is given by:
where 4 0 is the moles of methane fed, 4 is the moles of methane that did not combust, and ∆ is the heat combustion of methane at 25℃. Note that: ∆ = 802.3 per mole of methane reactant.
The energy that goes into heating the product gas is given by the following: 
where the represent the moles of species that exist after the reaction occurs and the are the heat capacities of each gas participating in the reaction. For the purposes of this project, the heat capacities can be assumed to be linearly dependent on temperature:
With the values of and given in the following table:
0.034 2.50 × 10 −6 0.03 3.00 × 10 −6 0.04 9.70 × 10 −6 0.033 5.50 × 10 −6 0.037 2.20 × 10 −6
Construct a graph of versus mole fraction on a triangular diagram where the vertices represent pure 4 , pure 2 and pure 2 . Use curves on the graph to represent lines of constant .
MOTIVATION
Accurately calculating the adiabatic flame temperature of a combustion reaction is relevant to fields that deal with explosions or combustion reactions, for example, material production industries, demolitions, and chemical engineering fields. The adiabatic flame temperature of a reaction is the temperature of the products (or mixture of reactants, leftover products, and diluents) of a combustion reaction when all of the energy liberated by the combustion goes into heating the products.
Additionally, it is unlikely that a mixture of reactants will be 100% free of diluents when combusting. A diluent does not participate in the combustion and thus does not give off any energy in the reaction, it just serves to absorb heat and lower the overall adiabatic flame temperature. While it is ideal to have a mixture of pure combustive reactants to achieve the highest resulting adiabatic flame temperature, it is useful to be able to calculate how much diluent can be present while still reaching the desired adiabatic flame temperature.
The goal of this project is to explore what happens to the adiabatic flame temperature of a combustion reaction between methane and oxygen in the presence of a diluent gas, nitrogen.
Several amounts of nitrogen were evaluated, including a mixture of nitrogen, methane, and oxygen that was 80% nitrogen. The composition of air is approximately 80% nitrogen, 19% oxygen, and 0.002% methane (along with other diluent gasses). While this is not the goal of the project, the results could also be used to extrapolate the theoretical adiabatic flame temperature for a mixture of nitrogen, methane, and oxygen similar to those present in air.
This project expands upon the recommendations of previous work found in the Undergraduate Journal of Mathematical Modeling (Pupo) which explored the adiabatic flame temperature of a mixture of pure methane and oxygen. By contrast, this project addresses the adiabatic flame temperature of methane reacting with air instead of pure oxygen.
MATHEMATICAL DESCRIPTION AND SOLUTION APPROACH
The first step in this project is to determine the mole fractions of methane and oxygen before being combusted on a nitrogen-free basis. This is done using the equation:
In (6) The values of the moles of methane and oxygen for each '-value is provided in the chart in Section 1 of Appendix A.
After calculating the amount of methane and oxygen present on a nitrogen free basis, the amount of nitrogen present for each 2 should be calculated. This is done by setting 0.2 ≤ 2 ≤ 0.8 in increments of 0.2, and using the equation:
where 2 is the mole fraction of 2 and 2 the number of moles of nitrogen present for that particular mole fraction. Because nitrogen will not participate in the combustion, 2 is constant, thus (7) is solved for 2 . For example with 2 = 0.2 (7) becomes:
Hence,
The values of 2 for every mole fraction of methane and oxygen with 2 = 0.2, 0.4, 0.6, 0.8 are given in Section 2 of the Appendix.
Once 2 is known, the values 4 and 2 (the mole fractions of methane and oxygen respectively, with respect to the presence of nitrogen) can be calculated for each mole fraction at every 2 . These values will be used later to create the triangular (ternary) diagram by plotting values of 2 , 4 , and 2 . The values of 4 and 2 can be calculated using the equations: For example:
The values of 4 and 2 for every ratio of methane and oxygen for every 2 value are included in Section 3 of the Appendix. While these revised mole fractions do not have to be calculated at this particular point in the process because they won't be used until much later, it is convenient to calculate all the mole fractions at the same time.
The next step is to calculate the limiting reagent for each mole fraction using the initial moles of methane and oxygen and the molar ratios from the chemical equation. The chemical equation of this combustion reaction is given by:
The limiting reagent for the example being performed thus far can be calculated as follows:
The amount of methane available will react with less oxygen than is available in this particular example, resulting in leftover oxygen while all the methane is combusted. This means that for this example, methane is the limiting reactant. As the amount of methane present is fixed at one mole it can be determined whether methane is the limiting reagent (if the full one mole of methane is used), or oxygen is the limiting reagent (if less than one mole of methane is combusted). Once the limiting reagent is determined, the amount of excess reagent leftover after the combustion must be calculated. This can be done using the following equation, with = the moles of the excess reagent leftover at the end of the reaction:
Thus for our example the above equation becomes:
After the limiting reagent is determined, the moles of each product can be calculated using the following equation:
For the example, the amount of 2 and 2 produced would be:
The results of all of these calculations (leftover moles of the excess reagent and produced moles for both 2 and 2 ) can be found in Section 4 of the Appendix. Because 2 does not participate in the combustion, the moles of 2 present are constant. Since we are considering an adiabatic reaction, all the heat from the combustion reaction goes into heating the mixture of products and reactants. The next step is to calculate the amount of heat produced by the reaction. This is done using the following equation:
In our example the energy released is given by:
The calculated energies produced for each ratio of methane to oxygen are given in Section 5 of the appendix. This value is then set equal to equation (3) 
We rewrite (25) as:
As (26) Since the value ( ) is not feasible we determine the legitimate value is given by ( ) = 977.33. In this case, with a mole ratio of methane to oxygen of ' = 0.05 and Based on the values obtained for the adiabatic flame temperature, the following graph was produced for the mole fraction of methane at a constant 2 value. The graphs produced for the adiabatic flame temperature at each mole fraction of methane at each 2 can be found in Section 10 of the appendix. Additionally, all the data points were combined to create a graph comparing the adiabatic flame temperature trend in each different nitrogen environment. 
DISCUSSION
Unsurprisingly, the higher the concentration of the diluent gas ( 2 ), the lower the adiabatic flame temperature for that mole fraction of methane. This is expected because the diluent gas does not contribute any energy to the reaction and just acts as a drain on the adiabatic flame temperature. This is apparent from the overlaid graphs at each 2 , and also from the ternary diagram. Additionally, for each mole fraction of methane, ' = 0.35 was still the mole fraction with the highest adiabatic flame temperature. While the ideal mole fraction was also apparent in the last project, this project confirms that the addition of a diluent does not change the ideal molar ratio of combustion of two reactants.
Additionally, based on the overlay of graphs and the ternary chart, certain flame temperatures can be produced at multiple 2 values by changing the amount of oxygen present in the system. This could be useful in planning a combustion reaction to account for certain amounts of diluents entering the system while still producing the desired temperature.
CONCLUSION AND RECOMMENDATIONS
The highest adiabatic flame temperature occurring at each respective mole fraction of nitrogen decreases as more nitrogen is added. This makes sense, because adding extra diluent provides material that will still draw heat from the resulting combustion, while also reducing the amount of reactants and thus the amount of energy produced by the reaction.
Additionally, the highest adiabatic flame temperature evaluated for every mole fraction of nitrogen occurs when the mole fraction of methane without respect to nitrogen equals 0.35. This shows that the addition of a diluents gas does not affect the ideal molar ratio for the combustion reaction. This can be seen on the overlaid graph that shows the curve of the adiabatic flame temperature for each constant mole fraction of nitrogen present.
The ternary diagram and overlaid graph both show that the same adiabatic flame temperature can be produced at different mole fractions of nitrogen. This leads to the conclusion that certain amounts of diluents can be allowed into the combustion system alongside the reactants, resulting in the same flame temperature provided the mole fraction of methane is For a slightly future project, all the mole fractions of methane, oxygen, and nitrogen that produce a particular adiabatic flame temperature could be evaluated to produce a list of conditions that will still produce the ideal temperature for the production of some material. To further explore this reactive combination of methane and oxygen, the hindrance factors of different diluents could be compared (for example, using a noble gas as the diluent as compared to nitrogen) at constant mole fractions (for example, ' = 0.33, and = 0.2) to see which diluents have the greatest affect on the maximum adiabatic flame temperature. 
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